Introduction
Engineering education researchers are publishing many instructional designs that report a cognitive edge over straight lecture (1, 2) . These fall under the category of High Performance Learning Environments (Hi-Pe-LE) (3) which constitute a wide array of pedagogies of engagement (4) like Problem-Based Learning (PBL) (5), hands-on learning and experimental formats (6) (7) (8) (9) (10) (11) , interaction-enhanced lectures (12) , and multimedia-aided deliveries (13) (14) (15) (16) . Multimedia learning is known to reduce cognitive load and thereby enhance learning (17) (18) (19) (20) .
Prior work in our group led to commercialization of modular, instrumented, desktop learning modules (DLMs) to ease the implementation of hands-on activities in a classroom environment. We expect the use of DLMs to help students learn by reducing cognitive load. This paper reports on a new system being developed with a goal of making experimental modules that are affordable for individual student purchase.
A low-cost, vacuum-formed, shell and tube heat exchanger was constructed and used as an instructional module in a sophomore-level, introductory chemical engineering course. The primary learning goal for the module was for students to be able to make appropriate measurements and apply the principle of energy conservation to analyze a real-world engineering process. Activities were designed to help students with system boundary concepts. This seems to be an easy concept in textbooks but can be challenging when it comes to real systems, as students often do not fully appreciate the purpose of identifying a system boundary.
The design and construction techniques used for the heat exchanger described here are simple enough to allow undergraduates to design and build their own heat exchangers if desired. This was beyond the scope of the current project, but that approach has been used at Drexel University where undergraduate students were asked to design and prototype a micro-heat exchanger (21) . This paper starts with a brief introduction to the techniques we used to create this ultra-low-cost, simple and see-through shell and tube heat exchanger and then we report on the implementation and assessment of this instructional tool in a lower division course.
Design, Modeling and Manufacturing
For developing this very low cost miniaturized industrial shell and tube heat exchanger, flow and heat-transfer modeling of alternative designs was performed with COMSOL software, and final detailed system design used SolidWorks CAD software. Figure 1 summarizes the fabrication steps. A detailed mold is designed in SolidWorks to match the dimensions of the basic design tested in COMSOL (Fig. 1a) . Next the CAD design of the mold is printed on a 3D printer (Fig. 1b) . This gives us the ability to perform rapid prototyping. Transparent PETG plastic sheets are used in vacuum forming the shell of the heat exchanger to allow students to see the tube and baffle arrangement inside the exchanger and to watch how fluid flows through the shell. The two halves of the shell are cemented together while incorporating stainless steel tubes (Fig. 1d) . Finally gravity reservoirs on a ring stand are connected by silicone tubing to the heat exchanger and collection beakers are placed beneath the outlet tubes (Fig. 1e) . Food coloring can be added to the shell-side reservoir to enhance visibility (Figs. 1e and f). 
Classroom Implementation
The heat exchanger module was implemented in an introductory material and energy balance course for sophomore-level chemical engineers during summer 2015. To orient students on the use of this desktop module a YouTube video was made available prior to class. Class was conducted in a room with lab benches and students were divided into 9 groups of 3 or 4 students with each group having their own heat exchanger setup. Worksheets were provided that required both qualitative observations and quantitative measurements (see Appendix B). The worksheet first directed students to discuss with their team members several topics that are known to be persistent misconceptions. The topics focused on misconceptions that could be resolved by visual observation. Students often have misconceptions about the flow path for the tube side or shell side fluid. Others think that the shell side fluid mixes directly with the tube side fluid. To address these misconceptions we first have students think alone, then share with teammates what they think will happen. They are even asked to draw a predicted flow pattern on the transparent plastic shell for both the shell and tube sides using two different colored dry erase markers before and after running an experiment. This allows them to actively engage in the learning process as teams discuss hypothetical flow patterns and then correct any misconceptions. By observing flow patterns for the tube side, students realize there are two passes and that flow is in the same direction for adjacent tubes within the same pass. By adding colored dye to the shell side reservoir, students observe that no mixing occurs between the two fluids.
Students also made quantitative measurements of the heat duty of the exchanger for different hot and cold water temperatures. A handheld digital thermometer was used to measure the hot and cold water temperatures in the reservoirs before opening pinch clamps on the hoses and then the temperatures of the streams coming out of the exchanger were measured in the collection beakers. The flow rate of each stream was also measured using a stopwatch and measuring the volume collected in the beakers. The water in the collection beakers was subsequently poured back into the supply reservoirs for the next run, resulting in a set of runs with decreasing temperature difference between the hot and cold streams. The calculation of heat duty from the measured data was part of a homework assignment. Figure 2 shows student measurements of the heat duty based on their cold stream data plotted against that measured for their hot stream data for each run in the series of four measurements that each group made with decreasing temperature differences. The different symbols in Fig. 2 represent the different groups. For a perfectly insulated heat exchanger the magnitudes of the hot and cold heat duties would be equal. Figure 2 shows that in this shell and tube heat exchanger the measured heat duties tend to be larger for the hot side as the system is not perfectly insulated from the environment and evaporative heat loss from the hot stream occurs as it flows into the collection beaker. Considering the limited time for this exercise (50 minutes) and the bias due to evaporative heat loss, the data is reasonably consistent with a few exceptions. 
Student Data

Student Feedback
During the implementation we asked 9 students (one person selected randomly from each group) to answer 4 questions about the experiment. The main purpose of this survey was to gauge student attitudes about using this low-cost module. Table 1 summarizes the survey questions and student responses. All 9 students surveyed liked the low cost module and found the experiment clear and straight forward. Four of them believed this experiment was helpful while two of them would prefer to work with larger industrial equipment and three students had no preferences. 
Assessments
To assess student learning we used a pretest and posttest. The pre and posttest were given at the beginning and end of the 75-minute class period.
The same four open-ended questions were used for both pretest and posttest. The first two questions were selected from the AIChE Concept
Warehouse (22) and we designed the two last questions to probe understanding of the system boundary and energy balance concepts. The first question chosen from the AIChE Concept Warehouse (ID:1657 Heat Exchangers 3) was selected to address the relation between mass flow rate and temperature change for a stream passing through a heat exchanger. The second question also from the AIChE Concept Warehouse (ID:968 Constant Heat Capacity Mixing of Hot and Cold Streams) was selected to ask about the final temperature of a mixture of two fluids starting with different temperatures. Questions 3 and 4 can be found in Appendix A. For question 3 students were given a schematic of a simple heat exchanger and asked to draw the system boundary in order to calculate the rate of heat transfer from the hot side to the cold side while in question 4 they were asked to write down the data they would need in order to calculate the heat duty (question 4).
Results and Discussion
A total of 33 students took both the pretest and posttest. These tests were graded by two professors and a graduate student after a norming session. For analyzing assessment data a paired T-test was done. For questions 1 and 2 the posttest means (3.03 and 3.09) were significantly greater than the pretest means (2.03 and 1.58) respectively with p-values less than 0.05 (0.011 and 0.005 for questions 1 and 2, respectively). For the third and fourth questions the posttest means were also greater than the pretest means but the p-values were not less than 0.05, showing a lack of statistical significance. According to our observations and student answers on the worksheet in this implementation and in a more recent implementation, students have difficulty simplifying a real system to a simple schematic. In the worksheet they were given a simple schematic of the shell and tube heat exchanger module, and asked to pick a system for analyzing the heat transferring from hot side to the cold side and draw the system boundaries. However, many could not make a connection between the real system and the schematic and evidently did not yet fully understand the concept of the system boundary. Some picked the whole system as a system boundary either not paying attention to the definition of the system boundary as they were asked to choose a system to analyze the heat transferring from hot side to cold side, and not from the heat exchanger to the surroundings. Some students drew the system boundary around just the cold outlet and hot inlet or vice versa. Others chose the plate separating the hot fluid from cold fluid, and a small portion selected either the hot or cold flow. These misconceptions might be addressed by a scaffolded approach where students start with an even simpler heat exchanger consisting of a flat plate separating the flowing hot and cold fluids.
Conclusions
We have demonstrated a straightforward and efficient technique for producing ultra-low cost desktop learning modules that demonstrate concepts typically covered in introductory courses covering energy balances. Assessments reveal surprisingly that many misconceptions are present in what professors often think are ideas that are rather simple to grasp. Knowledge of where students struggle with their understanding is paving the way for new simple constructs that we believe can unequivocally resolve these misconceptions.
